Introduction
Fundamental properties and behaviors of nanoparticles are determined by their size. Lattice parameters 1,2 and even the crystal structure 3 itself can change, depending on the size of the crystallite. Size-induced phase transformation in nanoparticles was investigated for several oxides e.g. TiO 2 4 , Y 2 O 3 5 Al 2 O 3 6 and even in metals like Co 7 , Ag 8 or Au 9 . Tin, and tin nanoparticles in particular, has been tested as a high-charge anode material in lithium-ion batteries, because it provides a three times higher charge density than the commonly used graphite. 10 The size effect on the cycling stability 11 as well as different surface modifications 12 were tested to enhance stability and power. In-situ XRD measurements of tin bulk electrodes disclose that the lithiation process of tin follows defined Li-Sn-phases. 13 But detailed studies about the changes of the nanoparticle crystal structure during lithium insertion/extraction have not been reported yet. The formation of the α-Sn structure in tin nanoparticles after cycling in a lithium-ion battery anode was reported previously, 12, 14, 15 however, this phenomenon was not investigated further. A lot of research is focusing on the formation of the semiconducting α-Sn in lead free solders. 16, 17 This transformation is also called tin pest. Plumbridge 18 reported the formation of tin pest in several new-generation lead-free solder alloys when exposed to temperatures below the allotropic transition point for tin (<13 °C). It has been demonstrated that small amounts (0.5 wt%) of Si 19 and Ge 20 can stabilize the α-phase, while Cu or Pb 21 stabilize the ß-phase. A phase transformation of the ß-to α-structure at room temperature was not observed. Fyhn et al. 19 reported that small Sn precipitates in a Si matrix can form stable α-Sn structures with a melting point at 200 °C. In this study, we investigate the size-dependent transformation of the ß-to α-Sn structure at room-temperature. In our previous study we found that small (~10 nm) ß-Sn nanoparticles can be transformed into the α-Sn structure, while larger (~80 nm) particles retain the ß-phase when cycled in a lithium-ion cell at room temperature. 12 The goal of our present study is, to determine the critical size at which Sn nanoparticles undergo this structural change. Therefore, we prepared Sn nanoparticles with different sizes and cycled them in a lithium-ion cell. These cells were studied by XRD to determine the weight ratio between the ß-and α-phase. By comparison of these data with the size distribution of the original particles obtained from TEM we calculated the critical size for this transformation.
Experimental methods
Different-sized Sn/SnO x core/shell nanoparticles were synthesized via a chemical reduction method from 15 nm to 80 nm. Detailed synthesis parameters where described in our earlier work. 2 These particles were dispersed in water with sodium carboxymethyl cellulose (CMC, Sigma Aldrich) and conductive carbon black (Super P 99+% Alfa Aesar) with 80 wt% active material, 10 wt% binder and 10 wt% carbon. The slurry was drop-casted on punched (1.2 cm diameter) cupper foil (2 mg active material) and dried in an oven at 75 °C for 5
hours. The electrodes were stored in a nitrogen glovebox with water and oxygen vapor contents below 10 ppm. 
Results and discussion

Peak broadening and crystallite size
The crystal structure of all nanoparticle anodes samples was investigated with XRD before and after cycling. Charge/discharge curves and cycle versus capacity graphs are added into the Supporting Information. The XRD measurements of the cycled electrodes can be seen in Figure 1 .
All nanoparticle samples show discrete reflections from the tetragonal ß-Sn phase and two sharp reflections from the copper foil. The ß-Sn reflections broaden toward smaller crystallite sizes. Electrodes with particles sizes from 23 nm to 15 nm show additionally broader reflections at 24°, 39° and 47°, which can be attributed to the cubic α-Sn structure. Their relative intensity (compared to the signals originating from ß-Sn) increases for decreasing size of the particles. We used the standard Williamson-Hall (W.-H.) analysis to determine the size of the crystallites and the strain of the nanoparticles. This analysis presupposes that the line broadening B depends on the size of the crystalline domain L (eq 1) and the inhomogeneous strain ε (eq 2):
K is the Scherrer constant (for Sn 1.07) 22 and θ the angle from the 2θ-scan. The total broadening is the sum of equation 1 and 2.
‫ܤ‬ ௧௧ cosሺߠሻ ൌ 4߳ sinሺߠሻ ఒ By transformation of equation 3 we get an expression, which allows us to separate the influence of the size of the crystallite L and the strain ε by measuring the profile broadening as a function of θ. Figure 2b . A linear fit determines the size of the crystallites L (intercept) and the inhomogeneous strain ε (slope) of the crystallites. The reflections from the α-Sn structure are broader than the ones from the ß-Sn phase. Before cycling, the Williamson-Hall analysis delivers 11(2) nm for the ß-Sn crystals. After cycling, this analysis delivers 17(6) nm for the ß-Sn structure and 8(1) nm for the new α-Sn structure. Therefore, we assume that the smallest particles of the particle-distribution were transformed into the α-structure while the larger particles of this distribution retain the ß-structure. The strain (slope) of the crystallites is small in all Williamson-Hall plots and was therefore not considered further.
Quantitative analysis
In powder XRD patterns, there is a linear dependency between the peak intensity ratio I α /I ß and the weight ratio w α /w ß (eq 4). 23
X is a constant and can be calculated (eq 5) from the relative intensity ratio (RIR) values, which are listed in the literature (ICDD Database).
For α-Sn (01-071-4637) this value is 16.65 and for ß-Sn (03-065-7657) 10.88. The proportionality constant X is therefore 1.53. With eq 4 and the ratio of the integrated intensities, we calculated the weight ratio of α-/ß-Sn for all nanoparticle electrodes, which show reflections from α-Sn structure. Figure 3 shows the volume weighted size histogram together with the cumulative sum and the corresponding TEM image of the 15 nm particle sample. The size histograms were determined by measuring one hundred particles from the as synthesized samples. With eq 4 and the XRD measurement, we calculated the amount (wt %) of α-Sn structure in this sample to be 50%. Assuming that only the smallest particles in this distribution were transformed into α-Sn structure, we can determine a critical size for the transformation. Therefore, the cumulative sum at 50% delivers a critical particle size of 14(3) nm. That means, for this particle distribution, particles smaller 14 nm are transformed in the αstructure and particles larger than 14 nm remain in the ßstructure. We determined this critical size for all Sn electrodes with α-Sn structure content. Figure 4 shows the amount of α-Sn with respect to the volume weighted particle size D 4, 3 . The inset of Figure 4 shows the calculated critical size for the ß-to αtransformation for all four nanoparticle samples, which show α-Sn reflections. The mean critical size for the transformation from ß-to αstructure is 17(4) nm. All measured and calculated parameters were summarized in Table 1 . Because all the samples were kept at room temperature, the presence of α-Sn in the nanoparticle electrodes is not expected. Generally, the formation of α-Sn is a slow process, starting below 13.2 °C. The transformation from α-Sn back to ß-Sn usually occurs at 32 °C. Metastability and hysteresis with respect to temperature and pressure are the result of the small difference in chemical free energy between the α-and ß phases (at absolute zero temperature 0.022 eV/atom). 20 Nanoparticles can adopt a new structure in order to lower the total energy. 6 The dependency of the enthalpy with particle size was successfully calculated for Al 2 O 3  6 and TiO 2   4 . However, phase transformation can be induced by defects and pressure as well 5 . Therefore, for the Sn/SnO x core/shell nanoparticles in this study, the complex interactions between surface energy, Li impurities and shell material makes an additional theoretical interpretation of these findings difficult. 
Temperature-dependence of the α-Sn structure
Temperature dependent XRD measurements were performed to determine the stability of the α-phase. Figure 5b shows a clipping of the XRD pattern in the 2Theta range between 22° and 42°.
The temperature was increased in 10 °C steps per hour. Surprisingly, reflections originating from the α-phase can be found in the diffraction patterns measured at temperatures up to 220 °C. That is 10 °C above the melting point of the ß-Sn nanoparticles. The melting point of nanoparticles is a function of their size and decreases towards smaller diameters. 24 Considering the bulk phase diagram of pure tin, we would not expect such stability of the α-phase and its direct transition to the liquid phase. Some reports in literature claim that small amounts of impurity metals can either stabilize the ß-or the α-phase. For example small amounts (0.6 wt %) of Si raise the α-to ß-transformation point to 90 °C. 25 Fyhn et al. reported, that small (13 nm -21 nm) and stable precipitates of α-Sn with a melting point of 200°C were formed in a silicon matrix. 19 One explanation for the stability of the α-phase in electrodes composed of Sn nanoparticles could be the stabilization by lithium impurities. Furthermore, a cubic Li 2 O shell, which is probably formed during the first lithiation 26 could act as a stabilizing matrix. The phase diagram of nanoparticles differs from that of the bulk material. Therefore, phase transitions and alloy formation at the nano-scale cannot be predicted based on standard phase diagrams. The larger surface to volume ratio for smaller particles could be an explanation for the presence of a critical transformation size. Because of the substantial contribution of the surface energy, nano-scale alloys form easily, even for materials combinations that are immiscible in the bulk, if the diameter of the particles is small, while phase segregation is observed for larger sizes. 27, 28 Thus, we expect the incorporation of lithium impurities into Sn nanoparticles only up to a critical size, above which phase segregation occurs, which explains the observed behavior.
Conclusions
In conclusion, Sn nanoparticles can be transformed from the metallic ß-structure to the semiconducting α-structure after lithium insertion and extraction. The critical size for this transformation is 17(4) nm. Temperature dependent XRD measurements on this phase yield a melting point of 220 °C. This phase transition from the α-phase to the liquid phase is not expected from the bulk phase diagram of pure tin. One explanation for this behavior could be small amounts of lithium impurities, which are stabilizing the α-phase. Also the Li 2 O shell, which is formed during the first lithiation, could stabilize this phase (matrix-stabilization). Nevertheless, the larger surface to volume ratio with the substantial contribution of the surface energy can cause formation of alloys, which differ from that observed in the bulk materials. Most likely, the internal electrical resistance of the electrode will increase, after a metal to semiconductor transformation. Nevertheless, smaller nanoparticle electrodes are showing the best cycling stabilities. Suitable tin alloys might prevent this phase transformation and should therefore be able to generate a high cycling stability in combination with a low electrical resistance. How these effects are affecting the electrochemical performance of a tin nanoparticle anode needs to be investigated in future works.
